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Single-chain nanoparticles (SCNPs) are generated by intramolecular collapse and crosslinking of single
polymer chains, thus conceptually resembling the structures of folded proteins. Their chemical flexibility
and ability to form compartmentalised nanostructures sized ~1 nm make them perfect candidates for
numerous applications, such as in catalysis and drug delivery. In this review we discuss principles for the
design, synthesis and analysis of SCNPs, with a focus on their compartmentalised structures, highlighting
our own previous work. As such compartments offer the potential to generate a specific nanoenvironment
e.g. for the covalent and non-covalent encapsulation of catalysts or drugs, they represent a novel, exciting,
and expanding research area. Starting from the architectural and chemical design of the starting

Received 27th August 2024, copolymers by controlling their amphiphilic profile, the embedding of blocks-, or secondary-structure-

Accepted 14th November 2024 mimetic arrangements, we discuss design principles to form internal compartments inside the SCNPs.
While the generation of compartments inside SCNPs is straightforward, their analysis is still challenging and

often demands special techniques. We finally discuss applications of SCNPs, also linked to the
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1. Introduction

When components in a chemical or biological system require a
specific localised environment, Nature has developed sophisti-
cated separation entities on different length scales to spatially
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compartment formation, predicting a bright future for these special nanoobjects.

and temporally separate processes." Thus compartmentalisation is
present in, e.g. each cellular compartment, like cell-membranes or
organelles (mitochondria,” cell-nuclei®); in viral capsids segregat-
ing and protecting the embedded nucleic-acids from the environ-
ment and mediating specific entry into cells;' and most
importantly in chemical reaction “organelles”, separating reac-
tants in a chemical reaction and further allowing separation of the
reactants after workup. Especially compartments on the nanoscale
(below 100 nm) have emerged as a fundamental principle to direct
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chemical and biological reaction pathways, such as in enzymes in
their hydrophobic/hydrophilic pockets® allowing the specific posi-
tioning of reactants towards catalytic sites,” or in (biomimetic)
catalysis, then generating a specific reaction environment. Such
compartments can be selective in hosting a specific sort of
molecules in pockets, clefts, or porous structures, where a specific
reactivity can be reached, given that dynamic processes are
embedded to allow adaption and release of products. Organic
(nano)particles like micelles, liposomes, lipid nanodiscs or pro-
teins use organic molecules as building blocks often via self-
assembly into higher organized systems. In the last decades many
such compartmentalised systems have been developed, such as
block-copolymer-assemblies,” dendrimers,® or nanogels,” forming
compartments in the nanometre range (e.g. biomembranes,
micelles,"* dendritic boxes') up to the micron range (such as
liposomes™ or emulsion droplets'®).

Single-chain nanoparticles (SCNPs) have recently emerged
as a special class of nanosystems displaying sizes in the range of
5-20 nm, depending on the polymer chain they are formed
from.'” Based on their size, the chemical versatility of their
generation and the multifaceted embedding of functional enti-
ties during their synthesis, they have been proven to be most
versatile and adaptable in view of catalysis,"® drug delivery,"” or
as enzyme-mimetics.'® SCNPs are crosslinked polymeric nano-
structures that are formed from intramolecularly collapsed
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single polymer chains in a process reminiscent of protein
folding."® Conceptually, they are a special, extremely small type
of nanogel, but due to their unique architecture, versatility of
synthesis and the final properties they create a completely new
class of polymeric nanoparticles.

It recently was discovered that even those small-sized SCNPs
can display an internal structure equipping them with specia-
lised functions beyond a pure encapsulation (see Fig. 1),"
usually significantly smaller than the already small particles
themselves. The formation of these compartments inside those
SCNBPs is driven by molecular assembly (supramolecular/liquid
crystalline assembly);*® polymer/polymer phase segrega-
tion;'*”'° or by amphiphilic segregation based on solvent/
polymer segregation so finally guided by a sequential folding
process.*! They are comparable to pockets normally found in,
e.g. enzymes, where highly specialised reaction environments
are generated to spatiotemporally catalyse specific reactions.

They can be fundamental to tune optical effects with embedded
dyes,?* induce special photothermal swelling effects'*>'¥" and
conformational changes by photophysical crowding effects.>

Since Pomposo et al. have reviewed on internally and externally
confined SCNPs in 2020,"* the development of confined/compart-
mentalised SCNPs has become a major interest among polymer
researchers. It is in this article that we describe the latest devel-
opments in the generation of such structures also based on own
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Illustration of compartmentalised structures in single-chain nanoparticles (SCNPs) and their applications in enzyme-mimetic catalysis and drug

delivery. Block-copolymers can be collapsed into Janus-SCNPs by crosslinking the respective individual block. One or more non-functionalised blocks
can create tadpole-shaped SCNPs, which structurally resemble surfactants or lipids. Secondary-structure-like compartments can be achieved, e.g. via H-
bonding BTA-stacks. Solvophilic/solvophobic interactions are the main driving force of compartmentalised structures, since the solvophobic parts of the
precursor polymer can phase-segregate, resulting in a core—shell structure. Reproduced with permission from: Wiley VCH, copyright © 2021,*°? 2023
(open access CC BY-NC 4.0);1921%€ the Royal Society of Chemistry, copyright © 2014 (open access CC BY 3.0);?2 and the American Chemical Society,

copyright © 2020.%%
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contributions during the past years, with a focus on principles,
analytical methods, as well as applications wherein the compart-
ments are exploited. We focus on the principles guiding SCNP
formation, together with the physicochemical effects guiding the
formation of the internal compartments inside the SCNPs. With
this perspective we take our starting point at previously published
papers on SCNPs, moving beyond the chemical and physical
principles described therein.

2. Design of compartmentalised
single-chain nanoparticles (SCNPs)

Similar to proteins, which are formed by collapse of a single
peptide-chain, SCNPs are generated by single-chain collapse at
high dilutions dominated by solvent-assisted intramolecular vs.
intermolecular-assembly (Fig. 2).® Subsequent internal cross-
linking interactions, e.g. via H-bonds, click-reactions, or metal
complexation, can preserve the collapsed chains in these
conformations.?” Experimentally, single-chain collapse is con-
ducted at high dilutions (< 107°-10"® M).>® The internal cross-
linking interactions then preserve the collapsed chains in the
so reached conformations.”

Critical aspects to control formation of compartments inside
the SCNPs are therefore (a) the design of the polymer that is
folded into a SCNP, controlling its shape, internal structure,
solubility, biocompatibility, or stimuli-responsive behaviour;
(b) the conditions of chain-collapse (such as solvens and
temperature), and the subsequent crosslinking methods to
“freeze-in” the previously generated structures. As the pro-
cesses involved during SCNP formation are comparable to the
folding of peptides into secondary structures with the addi-
tional quest to prevent a subsequent aggregation of the folded
macromolecules, the final shape of the SCNP as well as the
internal compartments and functionality are strongly influ-
enced by the architecture of the individual polymer chains,
the solvent that is used during the collapse reaction, and the
solvent/monomer-interactions of the individual monomer
units during chain-collapse and -crosslinking. It is evident that,
e.g. random copolymers without specific solvent/monomer
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Fig. 2 Factors influencing the structure of compartimentalized single-
chain nanoparticles (SCNPs) by collapse of a single polymer chain, often
with a reduction of the hydrodynamic diameter dj,.
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Fig. 3 Examples of compartment-formation achieved by different types
of copolymers, leading to single-chain nanoparticles. (a) A random copo-
lymer collapsing into a globular or random shaped SCNP; block copoly-
mers collapsing into (b) a tadpole-shaped SCNP, (c) a Janus SCNP, and (d)
a dumbbell-shaped SCNP. Blue: non-crosslinking polymer segments. Red
and green: potentially crosslinking polymer segments.
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interactions are expected to result in more random, sparse
structures in the final SCNP, whereas the use of sequential,
diblock-/triblock- or sequence-specific copolymers, can easily
yield compartmentalised SCNPs, as shown in Fig. 3.>®

Control over the copolymers’ architecture during synthesis
is crucial to reach the desired SCNP with a specific compartmenta-
lised structure. Often living polymerisation techniques are used to
this purpose, such as controlled radical polymerisations like atom
transfer radical polymerisation (ATRP),* nitroxide mediated poly-
merisation (NMP),*® reversible-addition—fragmentation ~chain-
transfer (RAFT) polymerization,>**' or Ru-catalysed living radical
polymerisation;*> as well as other methods like living anionic and
cationic polymerisation,'*** group transfer polymerisation (GTP)**
or ring opening metathesis polymerisation (ROMP).”> Together with
the placement of the individual monomers, these polymerisation
techniques reach low polydispersities and high molecular weights
(>20 kDa up to 100 kDa or more), all resulting in precisely
engineered sizes (5-20 nm) and chemical compositions of the
SCNPS. Bioinspired SCNPs are especially attractive for biomedical
application because of their biocompatibility when embedding
polypeptides and carbohydrates as backbone materials, optionally
generated by biosynthesis,*® which can further be modified then
deviating from their natural composition and structure to yield
highly functional SCNPs.>” Polypeptides can also be produced
synthetically, by performing ring opening polymerisations of N-
carboxyanhydrides.*®

2.1. Collapsing methods

The condition upon single-chain collapse can engineer a chemical
functionality inside/around the SCNP to form different types of
particles from one and the same polymer chain. In this chapter we
are highlighting some basic principles of the analysis and for-
mation of SCNPs.

Firstly, preventing intermolecular crosslinking and aggregation
is central and must be ensured during the collapse and crosslink
procedure of SCNPs, since only then the intramolecular interactions
will result in (stable & useful) single-chain nanoparticles. To this
end, various methods have been developed, all having in common
that they require high dilutions in the range of <1 mg mL ™ * for
polymers, equal to ~10® M for reactive groups along the polymer
chains.”**

Generating SCNPs on a reasonable scale with high reprodu-
cibility requires (a) fast and efficient reactions under high
dilutions and (b) defined experimental conditions during

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Illustration of experimental procedures for the synthesis of SCNPs
using (a) a large volume reaction solution with a low concentration of
polymer, (b) the continuous-addition protocol, and (c) a photochemical
flow reactor.

single-chain collapse. Often SCNP syntheses are conducted
using a continuous-addition protocol as developed by Harth
et al.,'”°%39%4% where a concentrated polymer solution is slowly
dropped into a solution with the reactants under vigorous
stirring, see Fig. 4b. The droplet entering the reaction solution
thus should react efficiently resulting in intramolecular cross-
links only. Since all reactive groups along the polymer chains of
this droplet are so completely consumed, the reactive groups of
the next droplet will again react only intramolecularly under
these diluted conditions allowing syntheses under much higher
final concentrations and yields in the gram-scale.*!

Upscaling of SCNP-synthesis is possible with flow reactors,
wherein the reaction is taking place along a tube through which
a solution is flowing, addressing larger scale syntheses. As
reported by Barner-Kowollik and Diesendruck et al.,** a poly-
mer that contains photodimerizing groups can flow through a
tube that is wrapped around an ultraviolet (UV) lamp, as
depicted in Fig. 4c, to effect photo crosslinking after single-
chain collapse. This way SCNPs can be synthesised with shorter
irradiation times and higher conversions than in a comparable
reaction in a batch reactor, making this method quite efficient.

2.2. Crosslinking methodologies to stabilise formed SCNPs
and their compartments

The crosslinking strategies used to stabilize the initially collapsed
SCNP into the final, irreversible structure are crucial in main-
taining the initially, collapsed polymer conformation. Both,
covalent and non-covalent crosslinks can be applied. In addition,
dynamic crosslinks, usually supramolecular or dynamic covalent
bonds, allow for an additional responsive element inside the
SCNPs, potentially allowing a later chain reorganization or
“error” corrections of eventually misfolded compartments.
Thus supramolecular interactions such as hydrogen bonds
are effective to form SCNPs, using ureidopyrimidinone®*®*>**?
or Hamilton wedges with cyanuric acid derivatives.** Chiral
benzene-1,3,5-tricarboxamides (BTA) have emerged as a non-
covalent crosslinking method that do not only provides hydrogen
bonds as linking units, but embeds a chiral compartment inside
the SCNP core, similar to a-helices in proteins,2°??229%35d:45
B-Hairpin-like single-chain structures can be formed using
supramolecular quadrupole m-stacking interactions between

This journal is © The Royal Society of Chemistry 2024
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electron-rich benzene moieties and electron deficient penta-
fluorobenzene moieties in an ABC-block copolymer with a poly-
styrene, and a polypentafluorostyrene block, separated by a spacer
block.*® Other supramolecular interactions, such as metal com-
plexes can be used for the crosslinking of a single polymer chain
with the ligands covalently bound to the polymer chain, thereby
utilising the complexation of a metal ion.**¥%” This interaction
can also be used to incorporate a metal catalyst inside the SCNP to
synthesize an enzyme analogue,***3%17/:47&:48

Less dynamic but more direct is the use of covalent cross-
links, which fix the internal nanostructures even if external
properties like solvent quality are changed. Besides simple
organic reactions, like nucleophilic substitutions,** ester/amide
formations,>172%260:376:49 or polymerisations of vinyl groups®**°
and cyclic esters,” “click” reactions®® have been proven useful
due to their high efficiency under mild (even aqueous) reaction
conditions. The copper catalysed azide-alkyne click reaction
(CuAAC) became one of the most important methods used by
us for covalently crosslinking SCNPs, based on its large free
reaction enthalpies (>50 k] mol ), resulting in high yields,
and the insensitivity to many other functional groups and
solvents used therein.”® We'**#°>** and others**"® have used
the CuAAC extensively to stabilize the collapsed polymers and
transform them into the final SCNPs under mild conditions. The
wide variety of possible covalent reactions then allows the sub-
sequent incorporation of functionalities even after the completed
single-chain collapse reaction, like the incorporation of a specific
number of dye molecules,"* or the embedding of responsivities
to external stimuli' to change the structure of the SCNPs. This
further allows synthesis of covalently crosslinked SCNPs that can
be dynamically opened and closed by photothermal-effects,
transferring energy to the outside of the SCNP-shell.*® Further
mild crosslinking chemistries are photodimerizations>®*3°¢42>7
and disulfide bridges®*“*® reaching dynamic covalent SCNPs that
are especially interesting for biomedical applications since their
responsivities can increase their drug delivery efficiency and
biodegradability.>°

51 «

3. Compartmentalised SCNPs

To generate compartments located at the outside of an SCNP
block copolymers can be used. Depending on the type, order,
and functionality of the respective blocks differently shaped
SCNP systems can be achieved, resulting in phase segregating
properties of the different parts of the SCNPs. Examples for
compartmentalised SCNPs are shown in Fig. 1, including their
chemical properties, collapse methodologies, and special
features. As depicted in Fig. 3b, collapsing a block copolymer
with one non-reactive, solvophilic block and s solvophobic and
reactive block, tadpole-shaped SCNPs can be synthesised'®*
resembling the structure of surfactants. Because of their
exposed blocks such SCNPs can further aggregate into micelle-
or vesicle-like superparticles via their exposed blocks, relying
on Flory-Huggins principles.>>*° Block copolymers with two
reactive blocks can collapse into two-sided “Janus” SCNPs

Chem. Commun., 2024, 60, 14332-14345 | 14335
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(see Fig. 3¢).>*">"! Satoh et al. showed that also blocks with the
same crosslinking functionality will collapse into Janus SCNPs
because of the higher reactivity of proximal sites.'”” Adding a
non-reactive spacer block in between the crosslinkable blocks
then generates dumbbell-shaped SCNPs as depicted in
Fig. 3d.*9%%°

Forming compartments in the inner core of the SCNPs
usually starts with the formation of “unimolecular micelles”,
similar to single-chain nanoparticles, but formed without sub-
sequent crosslinking chemistry. They can form core-shell-like
structures in water with hydrophilic sidechains in the shell and
hydrophobic sidechains in the core, as depicted in Fig. 5a.
Their hydrophilicity in the shell can be achieved by using poly
ethylene glycol (PEG)**®' or ionic sidegroups.®” The core-
building, hydrophobic sidechains can be introduced by using
either aliphatic®*°'“°? or fluorinated sidechains,®***'? which in
turn forms compartments by hydrophilic/hydrophobic solvent
interactions. Those assemblies have been used as antimicrobial
compounds® and are interesting as drug delivery systems,
covalently binding or encapsulating drugs inside their hydro-
phobic core,®” as controlled drug-release systems, similar to
classical micellar structures (Table 1).6'¢

The synthesis of crosslinked, compartmentalised SCNPs is
based on the same mechanism as the formation of unimolecu-
lar micelles but with an additional crosslinking reaction to
retain the compartmentalised structure even after concentration
or solvent changes. As depicted in Fig. 5b, the different inter-
acting individual segments can lead to the formation of core-
shell structured SCNPs. Ideally, the crosslinking moieties are
solvophobic so that the inner core of the SCNP is stabilised, with
the crosslinking reactions now taking place only in the core,
resulting in stronger compartmentalised structures.*>?*$¢7

As mentioned above the solvents in which the collapse and
crosslinking reactions take place have a major influence on the
internal compartmentalised structures of the SCNP. A solvent
or solvent mixture that shows good quality for all segments of
the precursor polymer, including the crosslinking units, will
result in non-controlled, sparse SCNPs,****% while a solvent
with a poor quality for all segments can result in multi-chain
aggregation instead of the collapse of single chains.*** Exemp-
lary, Simon et al. showed that the single-chain collapse of a

Single-chain
a) - &
folding in water

~\—  Hydrophobic entity, e.g. dodecyl
77" Hydrophilic entity, e.g. PEG

b) Single-chain
_
crosslinking in water

~~€  Crosslinking unit on polymer, e.g. azide
* Crosslinking counterpart, e.g. alkyne
Fig. 5 (a) An amphiphilic random copolymer folding into a unimolecular
micelle in water. (b) An amphiphilic random copolymer with crosslinking
units collapsing and crosslinking into a single-chain nanoparticle.
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comb-copolymer with poly-isobutylene (PIB) sidechains (M,, =
3.5 kDa) and anthracene crosslinking units resulted in different
compartimentations inside the formed particles, depending on
the solvent quality.>*® The photodimerization of the anthracene
units in pure tetrahydrofuran (THF), a good solvent for both
monomer units, resulted in low conversions and sparse SCNPs,
while the same reaction in pure hexane, which is only a good
solvent for the PIB units, resulted in multi-chain particles. Only
a mixture of both solvents was able to yield high conversions
and well-defined core-shell structured SCNPs.

We'® used amphiphilic polymers to prepare core-shell
structured SCNPs, reaching different compartments depending
on the solvent and crosslinker used during single-chain col-
lapse. The precursor polymer, a random copolymer with hydro-
philic PEGMA monomers and hydrophobic azide-functionalised
monomers, allows crosslinks via CuAAC in mixture with hydro-
phobic, bivalent alkynes with and without functionality (radical
TEMPO label, fluorescent aBOD-label, octadiyne) for a subse-
quent analysis of the SCNPs (see Fig. 6).

Chain collapse was performed by CuAAC in water and THF
as selective and non-selective solvent, respectively. It was hypothe-
sised that the reaction in water would lead to core-shell structured
SCNPs because of the amphiphilic nature of the precursor polymer
and the hydrophobicity of the crosslinkers, while the same reac-
tion in THF, a solvent which is almost equally well solubilizes all
monomers of the polymer and crosslinkers, would lead to SCNPs
without defined internal structures.

Extensive analyses via CW-EPR and time resolved fluorescence
spectroscopy revealed that the internal structure is strongly guided
by the polarity of the solvent, resulting in formation of dense
hydrophobic cores, when the collapse reactions are performed in
water. Using solely the labelled crosslinkers the formation of a
core-shell structure was reduced, whereas mixtures of the rigid
label-crosslinkers with the flexible octadiyne resulted in the
desired core-shell structures as depicted in Fig. 7.

The relation between the flexibility and length of a crosslinker
and the resulting nanostructure of the SCNP is known in
literature,®® caused by the formation of long range interactions for
longer and more flexible crosslinkers, resulting in more compact
and dense SCNPs directly linked to the desired applications of
SCNPs. We embedded fluorescent dyes for pump-probe photoa-
coustic (PA) imaging as crosslinkers, so exponentially increasing PA
signals, while the unstructured SCNPs showed only weak and non-
exponential PA signals.

We further tuned the hydrophobicity of the SCNP core by
changing the fraction of hydrophobic units in a similarly designed
SCNP system (see Fig. 8) to reach a closer mimicry of proteins and
enzymes, modifying with (i) purely hydrophobic, aliphatic side-
chains and (i) hydrophobic, fluorinated sidechains.>*

By tuning the composition of the copolymer (variation of the
hydrophobic (aliphatic/fluorinated) and hydrophilic monomers)
not only core-shell structured SCNPs but different compartments
were formed inside the aliphatic and fluorinated cores. Solvo-
chromic dyes were added as probes, hydrophobicity-selective via
an aliphatic or a fluorinated sidechain, proving by time resolved
fluorescence spectroscopy a stronger affinity of the fluorinated

This journal is © The Royal Society of Chemistry 2024
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Table 1 Examples for compartmentalised SCNPs published since 2020, including their chemical structure, collapse methodologies, and special
features/applications. Different colours indicate different compartments inside the SCNP

Chemical Structure M, /kDa
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Hydrophilic-hydrophobic
interactions in water
(unimolecular micelles)

Hydrophilic-hydrophobic
interactions in water
(unimolecular micelles)

Anthracene
photodimerization
in THF/hexane mixtures

Chiral H-bonding of BTA in
water

Cinnamic acid
photodimerization in THF

Benzophenone photo-
crosslink in water at
different temperatures

Two hydrophilic units,

12-15 single-fluorophore encapsulation 62
via endgroup functionalisation
Encapsulation of drug cargos,

5.8 thermoresponsive behaviour, 61a,615,63

invertible micelle upon solvent
exchange to hexafluorobenzene

10 Core-shell structure formation in 35
non-aqueous system 5

Helical structure in SCNP core,
incorporation of dyes, catalysts,
and other functionalities

(R’ in structure)

10-14 45e,45f,64

Differently miscible blocks,
block-order-dependent
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6.6 35h

SCNP size dependent on
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Table 1 (continued)
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Chemical Structure

M,/kDa Collapse Methodology

Dy/nm Special Features/Applications Ref.

crosslinker

CuAAC in water or THF
35 with external bivalent and 6-12
functional crosslinker

Intrablock crosslinking via

Covalent encapsulation of
multiple fluorescent and

36-44  Internal CuAAC in water  5-10 radical labels, thermoresponsive 19£,19¢
swelling-deswelling of core
Differently hydrophobic
CuAAC in water with environments for either aliphatic
13-19  external bivalent 6-12  or fluorinated SCNP core, 54

specific encapsulation of
aliphatic/fluorinated cargos

Internal structure dependent on
solvent medium and crosslinker
bulkiness, covalent encapsulation 19e
of multiple crosslinking

fluorescent and radical labels

Janus-shaped SCNP, one-shot
crosslinking of spatially close

20723 lefin methathesis in DCM °°  reactive sites, lamellar phase 195
separation
Tadpole structure with two tails,
Co complexation in magnetic and catalytically active
n.a . 12 . 23
o-dichlorobenzene cobalt generation upon
thermolysis
b
i@ | 475 Amine quaternisation in 34 Tadpole SCNP, head can actively 66
N~ O DMF graft on inert surfaces

dye to the fluorinated core. Similar, an aliphatic EPR label was
found to preferably enter the aliphatic core compared to the
fluorophilic core. Hence, the different types of cores effected their
affinity to bind external hydrophobic probes, mimicking the
selectivity of enzymatic structures.

Response of the compartment formation to temperature can
be reached via thermoresponsive segments in the precursor
polymer chain, e.g. poly(oligo ethylene glycol) methacrylates
(PEGMA) or poly N-isopropyl acrylamides (PNIPAM). These
polymers show lower critical solution temperature (LCST)
behavior in water, becoming insoluble in water above the cloud
point temperature T.,. As demonstrated by Lu et al,*” at
temperatures well below T, of those segments, the SCNP
synthesis will result in sparse non-compartmentalised SCNPs,

14338 | Chem. Commun., 2024, 60, 14332-14345

whereas at temperatures above Tp, core-shell structured SCNPs
with a dense core will be obtained as depicted in Fig. 9. Conduct-
ing the SCNP synthesis at medium temperatures, a core-shell
structure is generated, but in a less dense state. Swelling of the
core with water leads to a thermoresponsivity of the core itself.
Using CW-EPR™*? and time resolved fluorescence spectroscopy?
we demonstrated that the cloud point temperature of the outer
shell of the SCNPs can differ from the that of the internal
compartments, which leads to contraction of the SCNP system
at increased temperatures, still below the macroscopically
observed Tp,. As SCNPs are monomolecular confined nanogels,
they swell with the dispersing solvent.®® Due to the higher
hydrophobicity inside the core of the structured SCNPs com-
pared to their outer shells, the core shows lower and less defined

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Concept to create differently structured SCNPs by adjusting the
interactions of comonomers during solvent-induced collapse. Repro-
duced with permission from Wiley VCH, copyright © 2023 (open access
CC BY-NC-ND 4.0).1¢
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Fig. 9 Simulated chain conformations of a thermoresponsive precursor
polymer chain at the indicated temperatures, resulting in so structured SCNPs
upon single-chain crosslinking. This figure has been published in CCS Chem-
istry (2020, open access); “Controlling the Chain Folding for the Synthesis of
Single-Chain Polymer Nanoparticles Using Thermoresponsive Polymers” is
available under DOI: https://doi.org/10.31635/ccschem.020.202000190.%°

cloud point temperatures, in turn leading to deswelling of the cores
by increasing the temperature, still keeping the SCNPs dispersed.
This leads to the previously mentioned contraction of the SCNPs
and decreases of dj, as followed by increased of diffusions, e.g. by
DOSY-NMR spectroscopy, as well as decreased rotation correlation
times in CW-EPR-spectra. Polarity and density changes inside the
SCNP cores which follow this contraction play an important role in
PA imaging, wherein absorbed NIR light generates heat by pulsed
laser excitations of fluorescent dyes. Each laser pulse then changes
the core of the SCNP, as depicted in Fig. 10, in turn modulating the
photophysical properties of the fluorescent dye, resulting in fluctu-
ating signals. So far, this behavior, an interesting contrast mecha-
nism for PA imaging, has only been observed in our SCNPs, caused
by the SCNPs’ internal nanostructure.

Compactions of SCNPs as described rely on different
thermo-responsivity of core and shell of the SCNPs. A different
approach to switch between compacted and expanded SCNPs
was followed by Barner-Kowollik et al. by introducing cis/trans-
switchable azo-dyes as crosslinkers.>” Those dyes are known to
reversibly switch between their cis- and trans-conformation by
irradiating with different wavelengths of light. By irradiation
with 620 nm light, compactions of the SCNPs were observed by
forcing the azo-dye into the cis-conformation, while subsequent
irradiation with 415 nm light switched the dyes back into the
trans-conformation, in turn expanding the SCNPs.

Other principles to generate segregated regions inside SCNPs are
liquid crystals,*¥*' e.g. by introducing stilbenes or azobenzenes as
side chains to the precursor polymer, resulting in compartmenta-
lised SCNPs upon crosslinking. Inside the relatively unordered
SCNPs, those groups will still be able to self-assemble and form
(now dynamic) ordered structures which segregate from the poly-
mer backbone.””** Thus supramolecular motifs generate internal
compartments inside SCNPs via the benzene-1,3,5-tricarboxamide
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Fig. 10 (a) Fluctuating PA signal of the thermoresponsive SCNPs. (b)
Schematic interpretation of the thermoresponsive behavior. Reproduced
and adapted with permission from the Royal Society of Chemistry, copy-
right © 2023.%°f
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(BTA) group introduced by Meijer and Palmans.***** BTA mole-
cules form supramolecular assemblies that build helical stacks with
threefold intermolecular hydrogen bonds, resembling o-helices of
proteins. When BTA molecules are part of a precursor polymer that
is dissolved in water, they will self-assemble inside the SCNP’s
interior, forming intramolecular crosslinks of the polymer chain,
segregated from other parts of the polymer to modulate the overall
shape of the resulting SCNP,20222:29435d:454,70 Thege helical stacked
structures can be used as platforms for catalytic sites, enabling
enzyme-like internal structures which significantly increases cataly-
tic activities.*”” %"

Stepwise folding of individual chains segments of a precur-
sor polymer is the main approach to reach externally compart-
mentalised SCNPs, like Janus- or dumbbell-shaped SCNPs from
block-copolymers after single-chain collapse and crosslink, as
described above.?'?43¢494571 This process tunes the nanostruc-
ture and shape of SCNPs originating from random copolymers,
e.g. by first preorganising a precursor chain into single-chain
ring structure via a hetero Diels-Alder reaction of the end-
groups, and then crosslinking the main chain reactive groups
via click-chemistry, as shown by Pomposo et al.>* This process
resulted in significantly stronger compacted SCNPs, compared
to the SCNPs, which were obtained by the conventional, non-
preorganised, precursor polymer.

4. Characterization of SCNPs and their
internal compartments

The characterization of the internal compartmentalisation of
SCNPs is challenging due to the usually rather non-defined
nature of the SCNPs interior, the inherent dynamics of the
SCNP, and polydispersity-effects of the precursor polymer
together with the formation of mixed phases inside the SCNPs,
or chemical changes of the crosslinking moieties. Traditional
methods focus on analysis methods to describe their size and
shape, including chromatography, microscopy, and scattering
techniques. Collapsing linear precursor polymer chains into
SCNPs is usually followed by size reductions that can be
measured as hydrodynamic diameters d;.>°>’> While a non-
crosslinked precursor chain is potentially able to reach its full
length, the (covalently) crosslinked SCNP is normally unable to
change its conformation and is trapped in its collapsed posi-
tion, resulting in reduced hydrodynamic diameters compared
to the precursor chain, as depicted in Fig. 2. This reduction in
dy, usually measured by gel permeation chromatography (GPC)
dynamic light scattering (DLS) or diffusion-ordered NMR
spectroscopy (DOSY-NMR), can be a proof of a successful
single-chain collapse with solely intramolecular crosslinks
and the absence of intermolecular interactions, that would
lead to increased values of dj,.

Water-based GPC measurements have been used to prove
the localization of hydrophobic parts of the system inside the
SCNP-core.'*'% After single-chain collapse, elution times
should be shifted to higher retention times in SEC, indicative
of lower apparent molecular weights, because of the reduced
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hydrodynamic diameter of the SCNP after crosslinking. We in
some cases observed an opposite trend with a shift to lower
retention times or seemingly larger hydrodynamic diameters.
Contrary to results from DLS and DOSY-NMR measurements,
indicative of enthalpic contributions in addition to the
expected entropic contribution during GPC separation.”” This
in turn hints to the formation of compartments, when compar-
ing a precursor polymer and the resulting SCNP, as there is a
significant, unexpected polarity change after the collapse reac-
tion by hiding the non-polar parts of an amphiphilic polymer in
its hydrophobic core.

Another indirect method to prove the location of the hydro-
phobic parts of an amphiphilic copolymer in the core of the
resulting SCNPs investigates changes in the LCST behavior.' %
The cloud point temperatures T, of LCST systems are sensitive to
changes of the polarity of the sample, resulting in lower Tc,
values when hydrophobic units are contributing to the solubility
of the sample. Comparing T, values of the precursor polymers to
those of the resulting SCNPs shows increased T, values for the
SCNPs. Hence, solubilities increase after single-chain collapses,
indicating, that the hydrophobic parts of the polymers are hidden
in a hydrophobic core.

Although methods like SEC, DLS, and DOSY-NMR can give
good information about the hydrodynamic diameter of a SCNP
and its relative change after single-chain collapse, these methods
usually lack information about the SCNP’s shape, since dj is
defined as the diameter of a perfect hard sphere with the same
diffusion properties as the SCNP, ignoring its actual shape.
Scattering techniques, such as small angle X-ray or neutron
scattering (SAXS, SANS), and static light scattering (SLS), can be
helpful as powerful characterization methods, providing infor-
mation about the dimensions of the SCNP via its radius of
gyration rg, but additionally about its shape, e.g. if the SCNP is
sparse, globular, stick-like, or compartmentalised.?0?*7%61:67:73

Besides size and shape characterization in solution via
chromatographic and scattering techniques, methods like
atomic force microscopy (AFM) and transmission electron micro-
scopy (TEM) have been used to visualize and analyze SCNPs in
the dry state. AFM is a universal method that is theoretically able
to visualize any type of SCNP. Nevertheless, its exact interpreta-
tion and comparison to other techniques like DLS or DOSY-NMR
can be challenging, since the SCNPs tend to lose their shape in
the dry state. This, in addition to poor resolutions with SCNP’s
sizes often being below the widths of the AFM cantilever tips, can
lead to unreliable results.>***>*”* TEM results in more accurate
results for SCNPs when compared to other techniques.**® How-
ever, TEM is not universally applicable for all SCNPs, limited by
heavy atoms required for achieving good contrasts. Although
direct visualizations of the internal compartments using micro-
scopic techniques are barely possible due to insufficient resolu-
tions, Pomposo et al. and Meijer et al. were able to use TEM to
visualize the formation of metal-based local domains inside an
SCNP (see Fig. 11a);***”> and high-resolution AFM to visualize
differently dense parts of the SCNPs (Fig. 11b).>*

NMR-spectroscopy has been widely used to indirectly
address compartment formations in SCNPs by analysis of

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 (a) TEM image of local domains of a Cu-folded SCNP. Reprinted
with permission from the American Chemical Society, copyright © 2018
(open access).”® (b) High resolution AFM image of a SCNP showing a dense
core and a less dense shell. Reprinted with permission from the American
Chemical Society, copyright © 2010.2%2

differences in mobility between the inner/outer parts via half-
widths of resonances in 'H-NMR spectra,®” as a qualitative
measure for the mobility of the respective chemical entities.
Usually freely moving groups will show a sharp half-width,
while hindered movements will result in broad signals. Hence,
the chemical groups that are in the core of a compartmenta-
lised SCNP will appear broadened in comparison to those in the
less confined shell. More complex (2D)-NMR techniques, e.g.
nuclear Overhauser effect spectroscopy (NOESY)'>*62¢ or T,-
relaxation®® can give detailed information about the formation
of compartments with specific chemical groups and their
density inside the SCNP, in addition to STD-NMR.”®
CW-EPR-spectroscopy on internalised radical (TEMPO) and time
resolved fluorescence spectroscopy on fluorescent labels!o%€
were used by us to directly reveal internal compartments inside
SCNPs. Thus CW-EPR spectroscopy proved the formation of con-
fined cores inside the SCNPs in which the TEMPO-labels were
embedded, by probing spin-exchange between clustered TEMPO-
molecules inside the compartment. As depicted in Fig. 12a and b
Heisenberg exchange coupling had to be included in the simula-
tions of the spectra, an effect occurring when the distance between
two or more radical labels is below 1 nm, indicating high local

a) b)

Measurement
Simulation

d<1nm
(exchange coupling)

d>1nm
(no exchange coupling)

339 30 341

c) - d) QCLE
OO O

new interactions no new interactions
would arise would arise

334 33 3%

ES )
B/mT

Fig. 12 CW-EPR spectroscopy of SCNPs. (a) Spectra revealed Heisenberg
exchange coupling of individual TEMPO labels, included to the spectral
simulation for a perfect fit. (b) Schematic interpretation of the Heisenberg
exchange coupling. (c) Concentration independent shape of the spectra
proving the location of the labels inside the SCNPs, and not on their
surface, as depicted in (d). Reproduced and adapted with permission from
Wiley VCH, copyright © 2020 (open access CC BY 4.0).1%9
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Fig. 13 Decay associated fluorescence spectra of (a) aBOD in water
(KolEl), (b) the aBOD labelled linear polymer, and (c) the aBOD labelled
SCNP. (d) Jablonsky diagram of the excitonic coupling of multiple aBBOD
molecules. (e) Schematic interpretation of the nanostructure of the aBOD
labelled linear polymer and SCNP. Reproduced and adapted with permis-
sion from Wiley VCH, copyright © 2020 (open access CC BY 4.0).1%9

concentrations of the labels. This proved the agglomeration of the
labels in a confined area of the SCNP, sized smaller than 1 nm.
Further concentration-dependent measurements revealed that the
labels were located inside the SCNP’s core, and not on its surface, as
shown in Fig. 12c and d. If the labels were located in the outer shell,
collisions of individual SCNPs at high concentrations would have
led to at least minor changes of the shapes of the spectra, which
were found to be concentration independent. (Time resolved) decay
associated fluorescence spectroscopy (DAS) also represents a power-
ful method to understand compartmentalization in SCNPs, and was
used to further confirm the results of the CW-EPR spectra by
showing comparable effects, as shown in Fig. 13. Whereas a non-
SCNP-bound dye (aBOD) in water fluoresced in a single exponential
decay with a short fluorescence lifetime, covalently binding the
same dye to a linear polymer chain created two additional decays
with fluorescence lifetimes in the ns-range now embedded in
polymer regions, that could form hydrophobic environments with
less contact of aBOD to the fluorescence quenching water. In
addition, the SCNP-bound aBOD molecules now showed the for-
mation of excitonic couples. Similar to the Heisenberg exchange in
the CW-EPR spectra, those couples only occur when two or more
dye molecules are in close proximity, again proving the formation of
confined structures inside the SCNPs with high local label concen-
trations. Other fluorescence techniques follow the formation of
SCNPs and their confined structures, via Forster resonance energy
transfer (FRET) systems inside SCNPs.”” With this FRET system, the
spatial proximity of the functionalities inside the SCNP can be
proven.

5. Applications of SCNPs

Single-chain nanoparticles have various applications that arise
from their extremely small size, internal and external compart-
ments, and specific functionalities, reminiscent of catalytic
sites. Thus, just like enzymes, SCNPs can be designed to act
as catalysts with high catalytic activity and specificity.'® Their
enzyme-like structure is also an important factor in their
application for biomedical applications.’” Next to these two

Chem. Commun., 2024, 60, 14332-14345 | 14341


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc04387a

Open Access Article. Published on 15 2024. Downloaded on 30/10/25 04:08:53.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

main applications, SCNPs can also be used for detecting
specific chemicals,*””® antifouling,**°'* catching of carbon
nanotubes,’’® or as surfactants.>**

5.1. SCNPs as enzyme mimetic catalysts

Enzymatic reactions are usually superior in reaction speed,
specificity, and activity under ambient conditions.” Inspired
by those reactions, artificial receptors and catalysts, such as
macrocyclic compounds, star or helical polymers, dendrimers,
micelles, vesicles, or polymerosomes have been designed trying
to copy enzymes,'® imitating the unique internal structure of
enzymes. Enzymes provide specific local environments, char-
acterised by, e.g. hydrophobic, compartmentalised cavities
which are stabilised by H-bonds, hydrophobic assemblies or
disulfide bonds. Often also so-called cofactors are localised in
those compartments, which additionally effect the catalytic
activity. SCNPs are conceptually synthetic analoga to enzymes,
based on collapsed/folded single polymer chains providing
compartments with specific local properties, e.g. hydrophobic,
confined environments, or the opportunity to bind catalytic
sites.’> Meijer et al. demonstrated via CW-EPR measurements
that especially the hydrophobic environment — or rather the
retardation of water from those compartments - are crucial for
their catalytic activity.*>? Similar to enzymes, catalytically active
SCNPs are able to provide high selectivities for reactions by
providing hydrophobic compartments and confined spaces to
which specific compounds can bind and react with each other,
even with the possibility to bind cofactors.*’#*%%71¢80 Both,
organic as well as metal-complex catalysts can be incorporated
into the hydrophobic compartments inside SCNPs that can
catalyse, e.g. the reduction of ketones,”'*”** oxidation of
alcohols,”* aldol reactions,”**”*%%! Glaser couplings,***** Sono-
gashira and Suzuki couplings,"”*"% CuAAC,****¥*° phenol
hydroxylations,"”®  photocatalytic reactions,"**’****  benzoin
condensations,””” or intramolecular hydroaminations,® even in
aqueous environments, in which some of those reactions are
normally poor in yield or conversion. One advantage that SCNP-
based, enzyme-mimetic catalytic systems have over their natural
analoga is their stimuli-responsive behaviour, allowing to recycle
the catalytic system while maintaining the catalytic activity.”*>%
Biocompatibility allows their introduction into living cells, where
they can perform their catalytic reactions either alone or together
with natural enzymes.*¥**¢”" Hence, it is possible to specifically
generate harmful molecules or other components inside of
specific cells like tumour tissues, ie., those cells can be killed
specifically without harming healthy tissue.

5.2. SCNPs for biomedical applications

Next to their use as carriers of catalytic sites, the main field of
interest in the research of compartmentalised SCNPs is in their
application for biomedical purposes, providing perfect environ-
ments for the encapsulation of drugs or to covalently bind labels
as imaging contrast agents. However, the design of SCNPs for
biomedical applications is complex due to several basic require-
ments:*” (i) water solubility; (ii) ability to carry and protect
hydrophobic drugs; (iii) non-toxicity; (iv) biocompatibility/stability
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in biological media; (v) biodegradability; and (vi) tissue specificity.
To overcome the limitations in water solubility, the precursor
polymers need to be designed to result in SCNPs with a polar
shell, compatible with water. Often PEG sidechains are used to
provide a proper water solubility, 315061461588 o o y5ing (oligo
ethylene glycol) methacrylate (OEGMA) monomers as part of the
precursor polymer, extended to quarternized amines,* alcohols,”>**
acrylic acid,®® or sugar carbohydrate backbones.******** PEG based
shells not only enable good water solubilities, but provide the SCNP
with biocompatibility and low toxicity.****¥5146157 Next to PEG,
also other precursor polymer designs which are based e.g. on
PNIPAM,”® acrylic acid,”® or carbohydrates®** can provide good
biocompatibilities with cell viabilities of up to 10 mg mL ™", hiding
toxic entities in the cores without harming any living tissue.

Biocompatibility together with the stability of SCNPs in biologi-
cal media are major issues controlling interactions within biological
media, which are complex aqueous mixtures containing salts,
glucose, amino acids, vitamins, and natural macromolecular assem-
blies like enzymes, all able to interact with, and alter the SCNP
structure.*? Recent approaches towards biocompatible SCNPs use
natural surfaces via carbohydrates, but also proteins and polypep-
tides have already been modified to be the basis of SCNPs with less
harmful interactions with biological media.*”** To achieve the same
biocompatibility and stability on synthetic SCNPs, the “stealth
effect” can be used, mostly found for PEG based systems,” moving
through biological media with reduced clearance.

Tissue specificity, e.g. targeting tumour tissue, can so be
achieved via the enhanced permeation and retention effect.”®
This effect uses the leaky vasculature of tumours, accumulating
nanoparticles only there, since the nanoparticles can easily
leave the blood vessels through the leaks and enter this tissue.
The chemical flexibility of SCNPs can be used to incorporate
different functionalities that enable targeting of specific tissues
or even specific compartments of a living cell, such as nitric
oxide sensors,”® antigens,*®” hormones,®* or proteins® that
only bind to specific tissue types. Targeting of specific cell types
or cell compartments has been achieved in SCNPs by adding
cell compartment specific moieties like Concanavalin A binding
glucose,”® by the formation of polyplexes,”'? or by adjusting the
surface charge of the SCNPs.?>1

6. Conclusions

Compartimentized single-chain nanoparticles (SCNPs) are novel
and unique polymeric structures with a wide range of applications,
especially in enzyme-mimetic catalysis and biomedical methods.
There are countless possibilities to create nanosized compart-
ments inside SCNPs for specific applications, precisely designed
in view of the material (natural or synthetic), the nature of cross-
linking (covalent/non-covalent/dynamic-covalent), their shape
(sparse, globular, tethered), and the nature of the formed compart-
ments. The nanosized compartments, coupled to the size of the
SCNPs & their dynamics are what makes them unique candidates
as catalysts, drugs, or nanooptical entities. Not only can those
“subunits” be tuned via their secondary structure, the polymer
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architecture, and, most prominent, the amphiphilic behaviour,
but also aspects of responsivity, such as temperature-induced
volume transition, be easily transferred. However, the techniques
to catch the dynamic and often ambiguous nature of the internal
compartments remains challenging, requiring special and com-
bined microscopic and spectroscopic techniques, a field expanding
rapidly, considering 2D-NMR-spectroscopy&EPR-methods, both
probing spatially close subunits of the SCNPs, but also classical
fluorescence allows to collect information about the dynamics and
the binding specificity of compartments inside SCNPs. It is this
detailed knowledge which pushes forward the development of
SCNPs, their design and synthesis, coupled to the intricate
knowledge of physics inside small confinements, as the com-
partments inside present.
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